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Abstract 
This study presents a single proof-mass CMOS-MEMS accelerometer with integrated tri-axis sensing electrodes arrays. The in-
plane finger-type and out-of-plane plate-type gap-closing sensing electrodes are employed in this study. The standard TSMC 
0.35Pm 2P4M CMOS process and in-house post-CMOS process was used to implement the device. The capacitive in-plane and 
out-of-plane sensing gap can be defined by the minimum line-width and the thickness of CMOS process. The structure size is 
only 500x500Pm2. Measurement results show the sensitivities (non-linearities) are 2.47mV/g (1.3%) in X-axis, 2.87mV/g (1.4%) 
in Y-axis, and 3.89mV/g (3.4%) in Z-axis. The noise flow for in-plane and out-of-plane sensing are 0.59mg/rtHz and 0.8mg/rtHz. 
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1. Introduction 
The MEMS Tri-axis accelerometers have found more and more applications in the consumer electronics. In this 
regard, the chip size and cost become important issues. Using three individual sensing units to detect the tri-axis 
acceleration [1] requires larger chip area. The arrangement of sensing electrode and electrical routing are two critical 
considerations while fabricating the single unit tri-axis accelerometer using the bulk micromachining approach. 
Thus, the methods to integrate bulk micromachined tri-axis accelerometers using bonding [2] or signal processing [3] 
approaches have been developed to reduce the cost. However, the device thickness and complicated fabrication 
processes are the drawback for [2], and a larger signal processing ASIC is required for [3]. The CMOS-MEMS tri-
axis accelerometers have been reported in [4]. However, a complicated post CMOS processes are required. This 
study also employs standard CMOS process and in-house post-CMOS process to realize a monolithic CMOS-
MEMS accelerometer with fully differential sensing structure and gap closing sensing electrodes. Present devices 
can significantly reduce the chip size and improve the accelerometer sensitivity. 
2. Design Concept 
Fig.1a shows the accelerometer consisting of springs, proof-mass, sensing electrodes, and supporting frame. The 
proof-mass is supported by the springs, and the springs and supporting frame are anchored to the substrate. To 
improve the sensitivity of the accelerometer, all the metal, dielectric, and tungsten layers above Si substrate are 
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employed to increase the proof-mass, whereas only two metal layers are used to decrease the out-of-plane stiffness 
of spring. Moreover, the metal-2 and metal-3 are designed to form the spring, so that the centre of mass lies on the 
same plane with springs. As indicated in Fig.1a, the movable tri-axis sensing electrodes are distributed along the 
edges of the proof-mass, and the stationary tri-axis sensing electrodes are placed on the supporting frame. The AA’ 
and BB’ cross-section views in Fig.1b show the in-plane and out-of-plane fully differential sensing electrodes design. 
The in-plane fully differential sensing electrode is based on the well-known come-finger design [1]. Such comb-
finger electrodes and their related electrical routings can be easily implemented using the CMOS process. The out-
of-plane fully differential sensing electrode is based on the parallel-plate design. However, it is not straightforward 
to implement the out-of-plane parallel-plate electrodes using the CMOS process. This study employs the metal wet-
etching post process to fabricate the in-plane and out-of-plane gap-closing sensing electrodes [5]. According to the 
layers stacking design of CMOS process, the movable plate electrode can be placed either below or above the 
stationary sensing electrode, as respectively indicated in the AA’ and BB’ cross sections of Fig. 1b. Thus, the out-of-
plane fully differential sensing electrodes are realized. The capacitance signals are converted into electronic signals 
by a monolithically integrated preamplifier. The preamplifier provides 30dB gain and 10MHz bandwidth under a 
2pf load. 
Fig.1(a) the tri-axis accelerometer structure design, (b) the in-plane and out-of-plane fully-differential sensing 
electrodes design. 
3. Fabrication Process and Results 
Fig.2 shows the fabrication processes. This process started with TSMC 0.35Pm standard 2P4M CMOS process as 
shown in Fig.2a. The passivation layer was used to define the metal wet-etching windows. After that, the structure 
geometry including in-plane and out-of-plane sensing gap was defined by the metal wet-etching process as shown in 
Fig.2b. The in-plane and out-of-plane gaps were respectively defined by the CMOS minimum line width and one 
metal layer thickness. The passivation was removed by RIE process for future wire bonding (Fig.2c). Finally, the 
structure was released by XeF2 Si isotropic etching (Fig.2d). Fig.3a shows the fabrication results of whole device. 
The size of the structure is 500x500Pm2. The zoom-in micrographs in Fig.3b-c respectively show the comb-type in-
plane and plate-type out-of-plane sensing electrodes. The plate-type movable sensing electrode in Fig.3b located on 
top of the stationary sensing electrode, whereas the plate-type stationary sensing electrode in Fig.3c located on top 
of the movable sensing electrode. Thus, the out-of-plane fully-differential sensing electrodes are successfully 
implemented. Fig.3d shows the thin folded spring connecting the frame and proof-mass. Fig.4a further shows the 
monolithic integration of CMOS circuit and MEMS structure. The XeF2 isotropic silicon undercut can be real time 
observed in Fig.4b since the silicon dioxide is transparent under optical microscope.  
A
Z-Rotor 
Z-Stator 
stator 
rotor 
Y-Electrode Y-Electrode 
A’ 
stator 
rotor 
B
Z-Stator 
Z-Rotor 
rotor 
X-Electrode X-Electrode 
B’
stator 
rotor 
stator 
Z-plate electrode 
Y-finger electrode 
A
A’ 
B
B’
Spring
XY
Anchor
Frame 
(a) (b) 
X-finger electrode 
Z
Proof mass 
1084 M.-H. Tsai et al. / Procedia Engineering 5 (2010) 1083–1086
 Author name / Procedia Engineering 00 (2010) 000–000 3
Fig.2(a)TSMC 0.35Pm 2P4M CMOS process, (b) metal wet-etching to define the sensing gap and geometry,  
(c) RIE remove passivation, (d) XeF2 silicon isotropic etching to release whole structure. 
Fig.3(a) The fabricated MEMS structure, (b) the tri-axis sensing electrodes array, (c) plate type out-of-plane gap 
closing sensing electrodes, (d) the thin tri-axis spring. 
Fig.4(a) The monolithic integration of MEMS 
structure and CMOS sensing circuit, (b) the optical 
observation of silicon isotropic etching undercut.                                      
Fig.5(a) The packaged chip and ceramic housing, (b) 
the accelerometer measurement setup and PCB. 
4. Measurement Results 
The fabricated CMOS-MEMS chip was wire bonded in a ceramic housing, as shown in Fig.5a. The ceramic 
housing was then mounted on a PCB for electronic signal measurement. Fig.5b shows the measurement setup for 
device performance testing. The shaker was employed to excite the accelerometer with a periodic acceleration 
controlled by the function generator. Thus, a periodic capacitance change was induced by the motion of the 
accelerometer. Two anti-phase square waves with peak-to-peak amplitude of 1V and frequency of 1MHz were used 
to modulate the capacitance changes. The output signal was measured by a spectrum analyser. The measured 
sensitivities (non-linearities) are 2.47mV/g (1.3%) in X-axis, 2.87mV/g (1.4%) in Y-axis, and 3.89mV/g (3.4%) in 
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Z-axis, as in Fig.6. The measured total noise is 0.59mg/rtHz and 0.8mg/rtHz respectively. The measured signals are 
smaller than those in [5] since the numbers of the sensing electrodes are greatly reduced for smaller chip size 
(500x500Pm2) and lower cost.
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Fig.6 The measured tri-axis sensitivities, nonlinearities, and cross-talk. 
5. Conclusion 
This study presents a CMOS-MEMS tri-axis accelerometer with single proof-mass and gap closing sensing 
electrodes. The in-plane and out-of-plane capacitive sensing gaps are respectively defined by the minimum line 
width and the thickness of the CMOS process. The accelerometer has been successfully implemented using the 
standard TSMC 0.35Pm 2P4M process together with the in-house post-CMOS process. As a result, the fabricated 
tri-axis MEMS accelerometer is only 500×500Pm2 and the circuit is monolithically integrated in the same chip. 
Measurement results show the sensitivities (non-linearities) of the accelerometer are 2.47mV/g (1.3%) in X-axis, 
2.87mV/g (1.4%) in Y-axis, and 3.89mV/g (3.4%) in Z-axis. The noise level in the in-plane and out-of-plane 
sensing directions are 0.59mg/rtHz and 0.8mg/rtHz, respectively.  
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